Hydroxylation as a technique is mainly used to alter the chemical characteristics of hexagonal boron nitride (h-BN), affecting physical features as well as mechanical and electromechanical properties in the process, the extent of which remains unknown. In this study, effects of functionalization on the physical, mechanical, and electromechanical properties of h-BN, including the interlayer distance, Young's modulus, intrinsic strength, and bandgaps were investigated based on density functional theory. It was found that functionalized layers of h-BN have an average distance of about 5.48 Å. Analyzing mechanical properties of h-BN revealed great dependence on the degree of functionalization. For the amorphous hydroxylated hexagonal boron nitride nanosheets (OH-BNNS), the Young's modulus moves from 436 to 284 GPa as the coverage of -OH increases. The corresponding variations in the Young's modulus of the ordered OH-BNNS with analogous coverage are bigger at 460-290 GPa. The observed intrinsic strength suggested that mechanical properties are promising even after functionalization. Moreover, the resulted bandgap reduction drastically enhanced the electrical conductivity of this structure under imposed strains. The results from this work pave the way for future endeavors in h-BN nanocomposites research. Published by AIP Publishing. https://doi
I. INTRODUCTION
Hexagonal boron nitride nanosheets, or simply h-BN, are two-dimensional nanosheets with nitrogen and boron atoms arranged in a hive-like formation similar to that of graphene. [1] [2] [3] [4] Experimental and theoretical studies have shown impressing mechanical properties for monolayers of h-BN. 2, [5] [6] [7] [8] Similar to the graphene sheet, the h-BN sheet can be functionalized via a wide range of approaches to breed new properties and rectify flaws. 9 Hydroxylation, as a type of chemical functionalization, is defined as the attachment of hydroxyl groups on the surface and edges of h-BN via covalent bonds, mainly to improve their dispersion in water and create more active reaction sites. [9] [10] [11] Limited studies have concentrated on the hydroxylated hexagonal boron nitride nanosheets (OH-BNNS), and the existing few are more concerned with the functionalization process [12] [13] [14] and electrical properties 15, 16 rather than the mechanical properties of OH-BNNS. Chemical functionalization is usually held responsible for degradation in the engineering properties of graphene oxide (GO); a phenomenon dissected in previous studies 17 and is contributed to the breaking of perfect sp 2 hybridized carbon by hydroxyl groups and forming sp 3 hybridization instead. 18 Similarly, this phenomenon could also affect h-BN while going through hydroxylation. 10, 15 However, limited data exist on the structure and details of the OH-BNNS, a) Author to whom correspondence should be addressed: ahkorayem@ iust.ac.ir.
such as mechanical properties, 10, 19, 20 which makes this study a necessary step for the future of research on h-BN composites. This study aims to investigate the engineering properties of OH-BNNS via density functional theory (DFT) calculations. H-BN nanosheets, covered by different ratios of hydroxyl groups, were investigated to determine their interlayer distance, Young's modulus, intrinsic strength, and bandgaps. Energy optimization in calculations was used to obtain a certain value for the interlayer distance of OH-BNNS, which has the similar value as the interlayer distance for graphene oxide ranging between 4.1 Å and 7 Å according to different studies, [21] [22] [23] [24] [25] details of which are then explained in Secs. II and III. The results of this work could provide more insights in the application of h-BN nanosheets with different composite matrices.
II. COMPUTATIONAL METHODS AND STRUCTURAL MODELS

A. Computational methods
DFT calculations through the Cambridge Serial Total Energy Package (CASTEP) were performed. [26] [27] [28] To calculate the distribution of electron density between atoms, the spinpolarized 7, [29] [30] [31] [32] generalized gradient approximation (GGA-PW91) was used. [33] [34] [35] The cutoff energy of plane waves responsible for basis set size determination was obtained as 700 eV. The energy and electronic calculations were done using k-point sampling for the Brillouin zone by a 6 × 6 × 1 Monkhorst-pack k-point mesh. 36 Full atomic relaxation was achieved when all remaining forces went below 0.01 eV Å −1 . London dispersion interactions were added to the total bonding energy as proposed by OrtmannBechstedt-Schmidt in the DFT-D method for the PW91 functional. 37 Considering the geometric changes due to the wrinkling phenomenon, the two-layer and three-layer model of OH-BNNS structures were created and the minimum height of each OH-BNNS sheet relative to the other sheets was calculated as the amount of interlayer distance of OH-BNNS. Through this method, an accurate prediction was presented for the interlayer distance of OH-BNNS, which follows the interlayer distance of GO. 38 In order to calculate the mechanical and electrical properties of OH-BNNS, the dimensions of OH-BNNS in the x and y directions were chosen as 17.35 and 15.03 Å, respectively. A supercell with a height of 20 Å was placed in the direction perpendicular to the OH-BNNS axis to avoid the interaction between the layers. [39] [40] [41] To obtain stress-strain curves, tensile stress increments on the cell were applied and the corresponding strain was calculated based on the change in the cell length. Equation (1) shows the stress tensor of OH-BNNS which can be obtained using the so-called virial expression, 42
where Ω is the system volume, m i and v i denote the mass and velocity of particle i; f ij is the component of the force between atoms i and j, and r ij denote the distance between particles i and j.
B. OH-BNNS models
The location of the hydroxyl group at the h-BN surface occurs by attacking electrophilic born (B) sites. 9, 12, [43] [44] [45] [46] [47] Experimental observations show that OH-BNNS could possess an ultra-high hydroxylation degrees. 48 In these studies, more than 88% of B atoms were hydroxylated (the proportion was obtained by XPS analysis). The lack of knowledge on the functionalization configuration of the hydroxylated h-BN, compelled us to base our model of OH-BNNS on graphene oxide, which has a similar crystalline pristine structure and similar hydroxylation process. 49 According to the literature, two distinguished types of hydroxyl coverage have been used to model the functional group configuration on GO: ordered and amorphous. Experimental data are more inclined toward the amorphous coverage, that is, a result of the non-uniform distribution of oxygen over the nanoplatelets. 48 The amorphous coverage can be achieved by two different approaches, as mentioned in the studies concerning functionalization of graphene platelets; the first approach is a random distribution of functional groups through the Monte Carlo method, 22 which is dismissed due to the absence of a suitable forcefield to predict the absorption of functional groups on the h-BN platelet. The second approach, which is used here, follows the rules put forward by Liu et al. 50 to produce amorphous coverage on graphene oxide. The said rules were optimized to the same end on hydroxylated h-BN. According to the theoretical and experimental results, it is assumed that hydroxyl groups always prefer to attach boron sites first 48, 51 and then attach to the nitrogen sites after all boron atoms are engaged. It means that by increasing the functionalization ratio, first, all of the boron atoms are covered, and then as the hydroxylation ratio reaches above 50% threshold, hydroxyl groups start to bond with the nitrogen atoms. The following rules were directly adopted from the studies of Liu et al.: 50 (1) two functional groups cannot be positioned at the same boron atom; (2) when hydroxyl groups were added to two boron atoms on the same ring, they were positioned as one above and another below the h-BN layer; (3) the numbers of the functional groups on each side of OH-BNNS should be nearly equal to establish energy equilibrium. The hydroxylation ratio, termed as parameter C, is the number ratio of atoms occupied by the functional groups to the total number of h-BN atoms, as shown in Eq. (2) 
The ordered and amorphous models were designed with functionalization ratios of 10%, 20%, 30%, 40%, 50%, and 60% through the periodic system for OH-BNNS. Figure 1 depicts the effect of the hydroxylation ratio on the interlayer distance of hydroxylated h-BN. It indicates that an increase in hydroxylation results in the expansion of the interlayer distance of OH-BNNS. For instance, in 5% coverage ratio, the interlayer distance for the ordered and amorphous configuration is 5.18 and 5.20 Å, respectively. While for 15% coverage ratio, the interlayer distance of ordered and amorphous configuration raises to 5.24 and 5. distance, reaching a top of 5.67 and 5.75 for the ordered and amorphous models at 60% hydroxylation ratio. A similar pattern was already observed in the GO, where with the decrease in the oxygen-containing groups, the interlayer distance declines. 52 The increase between OH-BNNS layers could be explained as follows. Boron atoms, which are oxidized through a hydroxyl group, are transformed to sp 3 -hybridized geometry. The height of hydroxyl groups on each side of the boron nitride is 2 Å 38 because of which the sheets became wrinkled upon hydroxylation. When the hydroxylation ratio increases, the direct interaction between platelets decreases and the interaction is conducted through hydroxyl groups, which leads to an increase in the interlayer distance. Generally, the distance between hydrogen atoms and oxygen atoms in hydroxyl groups situated in two distinct layers is 1.6 to 1.8 Å. As the hydroxylation progresses, the free sites where the hydroxyl groups can interact with the h-BN surface diminish, thus creating a physical barrier between the platelets and increasing the interlayer distance. Cui et al. 53 determined the thickness of the functionalized h-BN in the ionized water as 6.9 Å which is consistent with our results.
III. RESULTS AND DISCUSSION
A. Interlayer distance of OH-BNNS
Considering that the interlayer distance was necessary to determine the mechanical and electromechanical properties of the OH-BNNS, an average value was established from different configurations, which was practically the same for the ordered and amorphous functionalization in a constant coverage ratio. The optimized calculations of our model suggested an interlayer distance of 5.48 Å. This interlayer distance is similar to the value put forward by Cui et al., 53 6.9 Å. However, there is a fair difference between the two values. In the present study, there are no water molecules in between the layers; therefore, sheets can directly interact with each other. This is done to provide accurate mechanical properties. Despite that, if there are any water molecules involved, such as the case of Cui et al., they can amass around the hydroxyl groups and create a buffer between the platelets increasing the interlayer distance.
Also, this statement could be further verified by comparing the obtained interlayer distance with that of dry GO, which is between 4.1 and 6.3 Å. This comparison is valid because these two nanosheets possess a similar crystalline structure in their pristine state. [22] [23] [24] [25] [54] [55] [56] [57] Figure 2 presents the structural models of the interlayer distance of OH-BNNS and the calculation process. Figure 2(a) shows the structure of OH-BNNS (amorphous coverage) with an interlayer distance of 5.48 Å considering the wrinkles on the sheets. Figure 2 (b) depicts a distance for the van der Waals interactions for the single OH-BNNS layer, whose effects in Fig. 2(c) are prevented by a 20 Å distance between nanosheets.
B. Young's modulus
The Young's modulus for the ordered and amorphous coverage of OH-BNNS as a function of hydroxylation coverage is plotted in Fig. 3 . The -OH groups are chemically absorbed on the boron atoms, which reduces the Young's modulus for the ordered and the amorphous coverage configurations. In general, as the hydroxylation ratio increases, the Young's modulus drops from 460 to 290 GPa for the ordered OH-BNNS and from 436 to 284 GPa for the amorphous OH-BNNS, respectively. This reduction in the Young's modulus is caused by the destruction of the B-N π bond, changing the hybridization from sp 2 to sp 3 on the adsorbed boron atom by involving the hydroxyl group. 12 By increasing the hydroxylation ratio up to 50% and fully absorbing hydroxyl by boron atoms, the Young's modulus of OH-BNNS was obtained to be 321 GPa in both ordered and amorphous coverage. However, at the 60% ratio, when the N-OH bonds start to form, the decrease in the Young's modulus slope in the amorphous becomes more intense.
Knowledge of OH-BNNS mechanical properties such as the Young's modulus is of great importance for the future applications. A comparison of the mechanical properties between OH-BNNS and graphene oxide provides an accurate understanding of their behavior after functionalization. Several researchers studied the mechanical properties of the graphene oxide sheet and according to the different interlayer distance and functional groups proportions are the two major factors responsible for the varying Young's modulus in previous studies, ranging from 150 to 670 GPa. 21, 22, 58, 59 Liu et al. 17 ratio shows a similar pattern; their mechanical properties tend to decline as the functional groups (-OH) cover more sites on the sheets.
Interestingly, the ordered coverage seems to have less diminishing effect on the mechanical properties on both sheets.
The difference between the Young's modulus in ordered and amorphous coverage is less in OH-BNNS compared to that of GO. This observation can be contributed to the limited presence of boron atoms as an electrophilic reagent on the surface of h-BN, which reduces the bonding sites on h-BN in less than 50% coverage by half. Although the mechanical properties of the h-BN structure are diminished as a result of the attachment of hydroxylation, OH-BNNS remains a 2D nanomaterial with impressive engineering properties.
C. Intrinsic strength and fracture behavior
The intrinsic strength and fracture behavior of OH-BNNS with different hydroxylation ratios have been investigated in this section. The OH-BNNS containing ordered and amorphous coverages of 10%, 20%, 40%, and 60% were subjected to uniaxial tensile stress. All stress and strain curves were at the lowest energy level under applied tensile strength. The bonding length was affected in all OH-BNNS as a result of increasing the tensile stress when the strain grows. Figures 4(a) and 4(b) show the stress-strain curves associated with OH-BNNS. The result of the strain applied on OH-BNNS indicates that the extensive hydroxylation and sp 3 with 10% amorphous coverage possess 42.13 GPa ultimate stress in a strain of 0.142, whereas in 40% coverage, these values are 34.65 GPa and 0.127, respectively. Nonetheless, the intrinsic strength under tensile loading comes from the strong B-N bonds in OH-BNNS which is stronger than most of the bonds in other engineering materials. Table I summarizes the corresponding intrinsic strength and critical failure strain.
Figures 4(c) and 4(d) compare the crack propagation in ordered and amorphous hydroxylated OH-BNNS with 20% hydroxylation ratio; this ratio is close to the experimental conditions and demonstrates the fracture behavior perfectly. 10, 13 The crack propagation in OH-BNNS plane depends on the distribution of stress imposed on the atomic bonds. Figures 4(c) and 4(d) show significant stress concentrations at the hydroxylated sites. This is due to the nature of the hydroxylation process, which converts the sp 2 hybridization of the boronnitrogen bonds into sp 3 where functional groups are attached. This results in a longer (1.45 to 1.66 Å) and weaker bond between nitrogen and boron atoms, as shown in Fig. 5 . Under no strain, when the hydroxylation index varies from 0% to 60%, the peak of the B-N bond length population gently shifts from 1.450 to 1.535 Å and the maximum bond length is 1.625 Å, as depicted in Fig. 5(b) . Moreover, bond length analysis before failure is presented in Fig. 5(d) at the stable state under 0.10 strain units, which depicts the increase in bond lengths before the point of rupture. According to Figs. 5(b) and 5(d), it can be seen that the B-N bond leans toward higher lengths when subjected to hydroxylation, a pattern which is similar under different strains; larger proportion of longer bonds requires less force to fail. This means weak points for the overall structure where cracks would propagate under tensile stress. This phenomenon causes the ordered OH-BNNS to experience a linear pattern in crack propagation, mainly due to the ordered coverage in surface hydroxyl, which is thermodynamically favorable. In the case of amorphous OH-BNNS, as a result of the hydroxyl groups being distributed randomly on the surface, a nonlinear pattern is observed.
D. Effect of tensile strain on the electronic properties
Electrical conductivity of the OH-BNNS is assessed in this section as one of the most sought-after properties in smart materials. The attachment of hydroxyl radicals on BNNS leads to a reduction in the bandgap of the OH-BNNS. 16, 51 Similarly, changes in the geometry of OH-BNNS through deformations may also affect the electronic structure of OH-BNNS. Studies show that the graphene oxide bandgap under tensile stress is reduced due to the weakening of C-O hybridization. 17, [60] [61] [62] To properly understand the electrical properties of OH-BNNS under uniaxial tensile strain, the electron density of states and the bandgap of OH-BNNS with 20% and 60% hydroxyl coverage ratios under strains of 0.05 and 0.10 are presented in Figs. 6(a)-6(d). As shown, it is likely that the increase in hydroxylation and the increase of tensile stress are directly related to the reduction of the bandgap of the h-BN nanosheet. For example, increasing the hydroxylation ratio from 20% to 60% in an ordered pattern under strain of 0.1 decreases the electronic bandgap of 1.7 eV to 0.8 eV. Also, increasing the amorphous coverage from 20% to 60% under strain of 0.1 decreases the electronic bandgap from 1.9 eV to 1.2 eV. Moreover, in OH-BNNS with 60% ordered functionalization when strain is applied to the nanosheet and reaches to 0.1, the bandgap reduces 1 eV from 1.8 eV to 0.8 eV. This reduction in OH-BNNS with 60% randomly functionalization is 0.8 eV from 2.0 eV to 1.2 eV. This could be attributed to the existence of more free electron on the surface of the nanosheet. As OH-BNNS is elongated, due to the weakening of the B-O and N-O hybridization, more electrons are released which causes a reduction in the bandgap.
The band structures of amorphous OH-BNNS with 60% hydroxyl coverage under different uniaxial tensile strains are shown in Fig. 7 . In the conduction band minimum, it can be seen that energy bands become lower and smoother during the tensile strain compared with its initial state. The valence band maximum and conduction band minimum are located between Γ and K points, where the monolayer OH-BNNS becomes a semiconductor at the Γ point with an energy gap of 1.2 eV. Band structures and DOS indicate that the imposed tensile strain and the absorption of OH radicals on the boron atom in BNNS both weaken the principal bonds and facilitate the release of electrons from the conduction band, effectively reducing the bandgap in the process. Figure 8 shows computed bandgaps of OH-BNNS with respect to the uniaxial strain. Clearly, the increase in tensile strain reduces the bandgap for ordered and amorphous OH-BNNS. For example, in OH-BNNS with an ordered coverage of 20%, the bandgap decreases gradually from 2.3 to 1.7 eV under tensile strain from 0 to 0.1. In addition, with the increase in the functionalization ratio, the bandgap is significantly reduced and, under tensile stress, a wider range of gap tenability is created. This means that OH-BNNS with a lower bandgap becomes a semiconductor; also it provides tunable electronic conductivity.
IV. CONCLUSIONS
Among the various types of nanomaterials, the new spotlight of today's studies, the properties of functionalized h-BN in the form of 2D platelets, is a new subject worthy of thorough investigation. Here, the mechanical and electromechanical properties of OH-BNNS, as a potential component of next generation composites, are systematically evaluated using DFT. The main results could be summarized as follows:
Hydroxyl functionalization of BNNS leads to the reduction in mechanical properties of the BNNS including the Young's modulus, intrinsic strength, and failure strain. Although the boron-nitrogen bond is weakened as a result of the sp 2 hybridization transforming into sp 3 by the functionalization process, the obtained nanosheet inherits the excellent mechanical properties of the pristine h-BN.
An interlayer distance for the OH-BNNS is obtained by the means of DFT-D calculations as a function of the hydroxylation degree and configuration (amorphous or ordered), altering between 5.20 and 5.75 Å, which for the purpose of this research is assumed to be 5.48 Å.
The ordered OH-BNNS possesses a higher Young's modulus and intrinsic strength than its amorphous counterpart with a similar -OH coverage ratio; this is contributed to the stability of the ordered coverage which is more thermodynamically stable; the ordered model also shows less wrinkling and less increase in the bond length after hydroxylation.
By studying the bandgap in OH-BNNS with different hydroxylation ratios, a decrease in the bandgap was noticed as a common pattern. As the functionalization process advances, the nanosheets become more electro-conductive.
Combining this pattern with tensile strain, it was determined that the electrical conductivity increases under tensile stress. The electronic properties and the possibility to tune by uniaxial tensile strain can be considered in nano-electronic applications.
